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ABSTRACT 
 
4'-Thio-β-D-arabinofuranosyl cytosine (TaraC) is in Phase I development for treatment of 

cancer.  In hENT1-containing CEM cells, initial rates of uptake (10 µM; pmol/µl cell water/s) of 

[3H]TaraC and [3H]1-β-D-arabinofuranosyl cytosine (araC) were low (0.007 ± 003 and 0.034 ± 

0.003, respectively) compared to that of [3H]uridine (0.317 ± 0.048), a high-activity hENT1 

permeant.  In hENT1- and hENT2-containing HeLa cells, initial rates of uptake (10 µM; 

pmol/cell/s) of [3H]TaraC, [3H]araC and [3H]deoxycytidine were low (0.30 ± 0.003, 0.42 ± 0.03, 

and 0.51 ± 0.11, respectively) and mediated primarily by hENT1 (~74%, ~65%, and ~61%, 

respectively). In HeLa cells with recombinant hCNT1 or hCNT3 and pharmacologically blocked 

hENT1 and hENT2, transport of 10 µM [3H]TaraC and [3H]araC was not detected.  The apparent 

affinities of recombinant transporters (produced in yeast) for a panel of cytosine-containing 

nucleosides yielded results that were consistent with the observed low permeant activities of 

TaraC and araC for hENT1/2 and negligible permeant activities for hCNT1/2/3.  During 

prolonged drug exposures of CEM cells with hENT1 activity, araC was more cytotoxic than 

TaraC, whereas co-exposures with nitrobenzylthioinosine (to pharmacologically block hENT1) 

yielded identical cytotoxicities for araC and TaraC.  The introduction by gene transfer of hENT2 

and hCNT1 activities, respectively, into nucleoside-transport defective CEM cells increased 

sensitivity to both drugs moderately and slightly.  These results demonstrated that nucleoside 

transport capacity (primarily via hENT1, to a lesser extent by hENT2 and possibly by hCNT1) is 

a determinant of pharmacologic activity of both drugs. 
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INTRODUCTION 

The synthesis of 4'-thio-β-D-arabinofuranosyl cytosine (TaraC) was reported more than 30 

years ago (Whistler et al., 1971). In recent studies (Waud et al., 2003), TaraC and araC were 

evaluated for activity against a panel of human tumor cell lines.  TaraC differs from araC in the 

replacement of the oxygen atom by a sulphur atom in the arabinose ring.  Although araC was 

more cytotoxic than TaraC in cell culture studies, TaraC showed superior antitumor activity in 

human tumor systems in mice compared to that of araC (Waud et al., 2003).  AraC, which has 

shown promising activity in human leukemia xenograft models, was poorly active against human 

solid tumor xenografts (Gourdeau et al., 2001a).   

Although previous reports indicated that araC is a better substrate than TaraC for 

deoxycytidine kinase (Parker et al., 2000; Someya et al., 2002), recent studies (Someya et al., 

2003) suggest that the difference in phosphorylation rates at pharmacologically relevant 

concentrations is only two- to three-fold. The prolonged retention time of TaraC-5’-

monophosphate resulting from its high rate of phosphorylation by UMP/CMP kinase has been 

suggested as a more important determinant for its activity against solid tumors than its resistance 

to cytidine and dCMP deaminase activities (Parker et al., 2000; Someya et al., 2005).  

Preliminary studies indicated that the mechanism of TaraC cytotoxicity differs from that of either 

araC or gemcitabine, a difluoro-2'-deoxycytidine analog with activity against solid tumors 

(Blajeski et al., 2002). TaraC was a better substrate for nuclear DNA polymerase α and δ than 

either araC or gemcitabine, and its incorporation into DNA resulted in strong chain termination 

in comparison to that of araC and gemcitabine, which resulted in minimal termination 

(Richardson et al., 2004). In recent studies in which mice bearing human lung cancer xenografts 
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(Calu-6, A549) were treated with graded doses of TaraC, TaraC was incorporated into internal 

nucleotide linkages in a manner that was dose and time dependent, leading to the conclusion that 

DNA synthesis may play a role in TaraC cytotoxicity (Richardson et al., 2005).  

An area that has been neglected to date is the characterization of the uptake parameters of 

TaraC by plasma membrane nucleoside transporters. It is not known if mediated uptake is 

required for TaraC cytotoxicity, as reported for araC (Gati et al., 1997; Ullman, 1989) and 

gemcitabine (Mackey et al., 1998a; Mackey et al., 1998b), or if TaraC enters cells primarily by 

passive diffusion as reported for troxacitabine, a deoxycytidine derivative with an unusual 

dioxolane structure and nonnatural L-configuration with activity against leukemic and solid 

tumor xenograft models (Gourdeau et al., 2001b).  

In humans, seven functionally distinct nucleoside transport processes have been 

characterized in molecular terms through isolation and functional expression of cDNAs encoding 

the transporter proteins in Xenopus laevis oocytes, mammalian cells or yeast (Baldwin et al., 

2005; Griffiths et al., 1997a; Griffiths et al., 1997b; Ritzel et al., 1998; Ritzel et al., 2001; Ritzel 

et al., 1997). The human (h) nucleoside transporters exhibit different permeant selectivities and 

only hENT1 is inhibited by nanomolar concentrations of nitrobenzylmercaptopurine riboside 

(NBMPR). The proteins (and their permeant selectivities) are:  hENT1 (accepts purine and 

pyrimidine nucleosides), hENT2 (accepts purine and pyrimidine nucleosides and nucleobases), 

hENT3 (accepts purine and pyrimidine nucleosides), hENT4 (accepts adenosine), hCNT1 

(accepts pyrimidine nucleosides and adenosine), hCNT2 (accepts purine nucleosides and 

uridine), and hCNT3 (accepts purine and pyrimidine nucleosides).  Six of the seven transporters 

(hENT1/2/4, hCNT1/2/3) are found in plasma membranes whereas hENT3 is found in lysosomal 

membranes. 
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This study was undertaken to characterize the transportability of TaraC by the human 

nucleoside transporters that are responsible for cellular uptake of exogenous nucleosides and to 

assess the importance of nucleoside transport in TaraC cytotoxicity by using cultured human cell 

lines with known nucleoside transporter phenotypes.  The study was designed to compare TaraC 

and araC directly because of the structural similarities of the two compounds and the established 

role of araC in cancer chemotherapy.  Transportability studies were conducted with well-

established model systems producing either native (cultured human cell lines) or recombinant 

human nucleoside transporters (yeast and Xenopus oocyte expression systems) that enabled 

functional isolation of the transporter under investigation.  Cytotoxicity studies were conducted 

in CEM cells with native hENT1 in the presence and absence of transport inhibitors or in a 

nucleoside-transport defective mutant line (CEM-ARAC) with either recombinant hENT2 or 

hCNT1 introduced by stable transfection.  The goal was to determine if nucleoside transporter 

mediated accumulation of TaraC contributes to its unique pharmacologic profile, which includes 

prolonged intracellular retention and schedule independence.   
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MATERIALS AND METHODS 

Materials:  TaraC was provided by OSI Pharmaceuticals, Inc., Boulder, CO.  [5-3H]AraC 

(20.3 Ci/mmol), [5-3H]TaraC (8.2 Ci/mmol), [5-3H (N)]2'-deoxycytidine (27 Ci/mmol) and [5-

3H]uridine (40 Ci/mmol) were purchased from Moravek Biochemicals, Inc. (Brea, CA).  

Research grade uridine, cytidine, 2'-deoxycytidine, 3'-deoxycytidine, 2', 3'-dideoxycytidine, 

gemcitabine and araC were from Sigma (St. Louis, MI). All other reagents used were analytical 

grade and from commercial sources. 

Cell culture.  The human CCRF-CEM leukemia hereafter termed (CEM) and HeLa cervical 

carcinoma cell lines were obtained, respectively, from William T. Beck (formerly at St. Jude 

Children’s Research Hospital, now at University of Illinois at Chicago) and the American Type 

Culture Collection (Manassas, VA).  CEM/ARAC8C, a nucleoside transport-deficient derivative 

of CEM (Ullman et al., 1988), referred to as CEM-ARAC was a gift from Dr. B. Ullman 

(Oregon Health & Science University, Portland).  

CEM-ARAC/hCNT1 was derived from CEM-ARAC by stable transfection with a pcDNA3 

plasmid that contained the coding sequence for hCNT1 (Lang et al., 2004). hENT2 stable 

transfectants (CEM-ARAC/hENT2) were produced using procedures described previously (Lang 

et al., 2001; Lang et al., 2004). Cells were grown in RPMI 1640 supplemented with 10% fetal 

bovine serum (Gibco-Life Technologies, Burlington, ON) as adherent (HeLa) or suspension 

cultures (CEM, CEM-ARAC, CEM-ARAC/hCNT1 and CEM-ARAC/hENT2).  Cells were free 

of mycoplasma, maintained in the absence of antibiotics, incubated at 37ºC in a humidified 

atmosphere (5% CO2), and subcultured at 2 to 4-day intervals to maintain active proliferation.  
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Cell numbers were determined with a Coulter Z2 electronic particle counter equipped with a size 

analyzer (Coulter Electronics, Burlington, ON, Canada).   

Transient expression of hCNT1 and hCNT3 in HeLa cells.  The cDNAs encoding the 

hCNT1 and hCNT3 proteins were subcloned into the mammalian expression vector, pcDNA3, to 

produce pcDNA3-hCNT1 (Graham et al., 2000) and pcDNA3-hCNT3 (this work).  The plasmids 

were separately transfected into actively proliferating HeLa cells as previously described 

(Graham et al., 2000; Mackey et al., 1998b). 

Nucleoside uptake assays in cultured cells.  Nucleoside uptake assays were conducted at 

room temperature in transport buffer (20 mM Tris/HCl, 3 mM K2HPO4, 1 mM MgCl2.6H2O, 2 

mM CaCl2, 5 mM glucose and 130 mM NaCl, pH 7.4, 300 ± 15 mOsm) in CEM or HeLa cells, 

respectively, as described for suspension cultures (Boleti et al., 1997) or adherent cultures 

(Graham et al., 2000).  Cells were lysed with 5% Triton X-100 and mixed with Ecolite™ 

scintillation fluid to measure cell-associated radioactivity (Beckman LS 6500 scintillation 

counter; Beckman-Coulter Canada, Mississauga, ON). 

Transport inhibition assays in yeast with recombinant transporters.  Saccharomyces 

cerevisiae that were separately transformed with plasmids (pYPhENT1, pYPhENT2, 

pYPhCNT1, pYPhCNT2, pYPhCNT3) with cDNAs encoding, respectively, the hENT1, hENT2, 

hCNT1, hCNT2 or hCNT3 as described earlier (Vickers et al., 2002; Visser et al., 2002; Zhang 

et al., 2005; Zhang et al., 2003), were used to examine the ability of various cytosine-containing 

analogs to inhibit the uptake of 1 µM [3H]uridine. Transport experiments were conducted in 96-

well plates with a semi-automated cell harvester (Micro96TM HARVESTER, Skatron 

instruments, Norway) as described earlier (Zhang et al., 2003). Yeast were incubated at room 

temperature with graded concentrations of test compounds in the presence of 1 µM [3H]uridine 
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for 20 min.  Each experiment was repeated at least three times. Data were subjected to nonlinear 

regression analysis using Graph Pad Prism Version 3.0 Software to obtain IC50 (inhibitory 

concentration 50%) values that were used to calculate Ki values (Cheng and Prusoff, 1973). 

Electrophysiological studies in frog oocytes with recombinant hCNT1.  hCNT1 cDNA 

contained in the plasmid pGEM-HE (Ritzel et al., 1997) was linearized with Nhe1 and 

transcribed with T3 or T7 polymerase using the mMESSAGE mMACHINETM. (Ambion, Austin, 

TX) transcription system.  In vitro synthesized transcripts were injected into isolated mature 

stage VI oocytes from X. laevis and oocyte membrane currents were measured using a 

GeneClamp 500B oocyte clamp (Axon Instruments, Inc., Foster City, CA, USA) in the two-

electrode, voltage-clamp mode as described elsewhere (Smith et al., 2004; Smith et al., 2005).  

Mock-injected oocytes were injected with water alone.   All experiments were performed at room 

temperature (20°C) and oocytes were discarded if membrane potentials were unstable or more 

positive than -30 mV.  The membrane potential was clamped at a holding potential of –50 mV 

and either 100 µM uridine or 1 mM TaraC, araC or 2'-deoxycytidine was added.  The transport 

medium contained: 100 mM NaCl; 2 mM KCl; 1 mM CaCl2; 1 mM MgCl2; 10 mM Hepes (pH 

7.5).  Current values are presented as means (± S.E.) of three or more oocytes. 

Chemosensitivity testing with cultured CEM cells.  The relative cytotoxicities of TaraC 

and araC against CEM, CEM-ARAC, CEM-ARAC/hENT2 and CEM-ARAC/hCNT1 were 

assessed using the CellTiter 96™ proliferation assay (Promega Corp., Madison, WI) as described 

elsewhere (Damaraju et al., 2005).  This assay is based on the reduction of a tetrazolium 

compound to a soluble formazan derivative by the dehydrogenase enzymes of metabolically 

active cells.  The absorbance (490 nm) is directly proportional to the number of living cells in 

culture.  Cells were seeded in 96-well tissue culture plates (104 cells/well, six 
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replicates/condition) and exposed to graded concentrations (0-106 nM) of TaraC or araC for 24 

or 48 h. Chemosensitivity was expressed as the effective drug concentration at which cell 

proliferation was inhibited by 50% (EC50 values) and was determined from concentration-effect 

relationships using GraphPad Prism 3.02 (GraphPad Software, San Diego, CA).  
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RESULTS 

hENT1: uptake studies in CEM and CEM-ARAC cells.  The uptake of TaraC and araC 

was first examined in cell lines that were either nucleoside-transport competent by virtue of the 

presence of functional hENT1 (CEM) or were nucleoside-transport negative by virtue of genetic 

loss of functional hENT1 (CEM-ARAC).  Uridine was included initially as a control for 

comparisons between experiments because it exhibits high transportability by hENT1.  Initial 

rates of uptake of [3H]TaraC and [3H]araC were measured and compared to that of [3H]uridine at 

the pharmacologically relevant concentration of 10 µM (Table 1).  For CEM cells, uptake of 

[3H]TaraC during the first 10 s was undetectable whereas uptake of [3H]araC, although low, 

exhibited an initial rate of 0.048 ± 0.020 pmol/µl cell water/s, which was 6.6% of the rate 

observed for uptake of [3H]uridine.  Even after 60 s, uptake of [3H]TaraC was barely detectable, 

with an initial-rate value of only 0.007 ± 0.002 pmol/µl cell water/s.  For CEM-ARAC cells, 

which lack nucleoside transport capacity because of a genetic loss of hENT1 activity (Ullman et 

al., 1988), the uptake rates for TaraC, araC and uridine were also barely detectable (Table 1).  

These data suggested that TaraC might not be transported by hENT1.  Higher concentrations of 

TaraC and longer uptake intervals (in the absence or presence of nucleoside transport inhibitors) 

were subsequently investigated, and because TaraC and araC are analogs of 2'-deoxycytidine, the 

latter compound was used instead of uridine in subsequent experiments as the control permeant. 

Since NBMPR inhibits hENT1 at low concentrations and does not have other known 

metabolic targets, sensitivity of [3H]nucleoside uptake to NBMPR inhibition is a well established 

diagnostic test for transportability via hENT1.  Uptake of 10, 30 or 50 �M [3H]TaraC, [3H]araC 

and [3H]2'-deoxycytidine after 1- and 4-h intervals was examined in the absence or presence of 

100 nM NBMPR.  Despite the low initial uptake rates for TaraC that had suggested that it may 
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not be a permeant for hENT1 (see Table 1), NBMPR inhibited accumulation of TaraC and its 

metabolites over both 1- and 4-h uptake intervals; the data are shown for 4 h in Fig 1A.  hENT1 

accounted for >70%, >52% and >55% of accumulated TaraC at 10, 30 and 50 �M, respectively, 

at 4 h, and accumulation was dose-dependent.  Although uptake of araC was dose dependent at 1 

h (data not shown), uptake at 4 h was independent of concentration (Fig. 1B) and the percent 

inhibition by NBMPR decreased with increasing araC concentrations, apparently because 

hENT1-mediated transport achieved intracellular concentrations of araC that exceeded the 

capacity for phosphorylation.  Deoxycytidine accumulation was inhibited by NBMPR and, like 

that of TaraC, was dose dependent (Fig 1C).   In a separate set up experiments designed to assess 

diffusional uptake (not shown), time courses of uptake of 10 µM [3H]TaraC and [3H]araC were 

determined in the presence or absence of 10 mM uridine over five min in pharmacologically 

blocked (in presence of 10 µM NBMPR) CEM cells and in mutationally blocked CEM-ARAC 

cells.  Uptake rates, which were negligible, were similar for all conditions, suggesting little, if 

any, diffusional uptake under the conditions employed. 

hENT1/2, hCNT1/3:  uptake studies in wild-type and transiently transfected HeLa 

cells.  The transportability of TaraC and araC was also examined directly in HeLa cells, which 

naturally possess both hENT1 and hENT2.  2'-Deoxycytidine was included as a control to test 

for transporter functionality.  The initial uptake rates measured over 2-10 s of 10 µM [3H]TaraC, 

[3H]araC and [3H]2'-deoxycytidine were 0.30 ± 0.00, 0.42 ± 0.03 and 0.51 ± 0.11 pmol/106 

cells/s, respectively (Table 2). The effects of dilazep, which inhibits both hENT1 and hENT2, 

and NBMPR, which inhibits only hENT1, implied that (i) the rates represented primarily 

transporter-mediated uptake since dilazep inhibition was 98 – 100%, and (ii) hENT1 was the 

predominant transporter responsible for inward mediated fluxes of all three compounds since 
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NBMPR inhibition was 61 – 74%.  In the experiments of Table 2, the initial uptake rates 

observed in the presence of dilazep, which presumably represented diffusional uptake, were 

negligible.  At the longer time interval of 60 s (Fig. 2), time courses of uptake in the absence and 

presence of NBMPR or dilazep showed that both hENT1 and hENT2 contributed to 

accumulation of all three compounds.    

hCNT1 and hCNT3 have previously been shown to accept cytidine and 2'-deoxycytidine as 

permeants in studies in which the recombinant proteins were produced in Xenopus oocytes or 

transiently transfected HeLa cells (Graham et al., 2000; Ritzel et al., 2001; Ritzel et al., 1997) 

and hCNT1 was recently shown to weakly transport araC in electrophysiological studies in the 

Xenopus oocytes (Smith et al., 2004).  The transportability of [3H]TaraC and [3H]araC by 

hCNT1 and hCNT3 was first assessed in experiments that used recombinant hCNT1 or hCNT3 

introduced into HeLa cells by transient transfection.  Experiments were conducted in the 

presence of 100 µM dilazep to inhibit both hENT1 and hENT2 and functionality was shown by 

(i) demonstrating uptake of 10 µM [3H]2'-deoxycytidine, and (ii) its inhibition by 1 mM non-

radioactive 2'-deoxycytidine. Sodium-dependent uptake was not observed with 10 or 100 µM 

[3H]TaraC and [3H]araC for either hCNT1 or hCNT3 over three-min intervals or longer time 

intervals of 4 h (data not shown).    

hCNT1: electrophysiological studies in Xenopus oocytes.  The two-microelectrode 

voltage-clamp technique was used to test the relative hCNT1 transportabilities of TaraC, araC 

and 2'-deoxycytidine at higher concentrations than could be used in the radiotracer flux 

experiments with HeLa cells.  Oocytes were voltage clamped at a holding potential of -50 mV 

and currents were measured at pH 7.5 in either sodium-containing or sodium-free media that 

contained 1 mM TaraC, araC or 2'-deoxycytidine. The results indicated that there was little, if 
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any, mediated transport of TaraC or araC.  TaraC, araC and 2'-deoxycytidine, respectively, 

induced inwardly-directed Na+ currents with mean values (± SEM, n = 3) of 2.7 ± 1.5, 5.5 ± 0.5 

and 92 ± 10 nA (sodium-containing medium) and 0.0 ± 0.0, 0.0 ± 0.0 and 6.0 ± 2.3 (sodium-free 

medium).  The values obtained with non-hCNT1-producing oocytes were negligible.    

hENT1/2, hCNT1/2/3: binding and uptake studies in yeast.  The concentration 

dependence of inhibition of uptake of 1 µM [3H]uridine by recombinant human transporters 

produced in yeast was used to obtain a measure of the relative affinities of the transporters for 

TaraC and araC, together with other cytosine-containing nucleosides of interest (gemcitabine, 

cytidine, 2'-deoxycytidine, 3'-deoxycytidine and 2', 3'-dideoxycytidine).  The concentration-

effect curves for hENT1, hCNT1 and hCNT3 for inhibition of 1 µM [3H]uridine uptake by 

various analogs of cytosine are shown in Fig. 3 and the EC50 values obtained from non-linear 

regression analysis of the inhibition curves are shown in Table 3.  The Ki values were calculated 

using Km values for uridine obtained previously by the same procedures (Visser et al., 2002; 

Zhang et al., 2003).   

For hENT1, relatively high concentrations of TaraC (>1 mM) or araC (788 µM) were 

required to inhibit uptake of [3H]uridine by 50% (Table 3, Fig. 3).  The uptake of [3H]uridine 

was most sensitive to inhibition by cytidine (EC50, 171 ± 46 µM) whereas 2', 3'-dideoxycytidine 

had no effect, even when present at a high concentration (10 mM).  The order of inhibition was 

cytidine > 2'-deoxycytidine > gemcitabine > araC > T-araC > 3'-deoxycytidine >>> 2',3'-

dideoxycytidine. For hENT2, TaraC inhibited uptake of [3H]uridine only at high concentrations 

(>3 mM) whereas cytidine, gemcitabine and araC inhibited uptake with EC50 values of 650, 784 

and 760 µM, respectively.  For hCNT1, high concentrations of TaraC (>400 �M) and araC (>2 

mM) were required to inhibit uptake of 1 µM [3H]uridine by 50%, whereas 2'-deoxycytidine, 
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gemcitabine and cytidine exhibited EC50 values of 9, 13 and 17 �M, respectively.  For hCNT2, 

high concentrations (>1 mM) of all cytidine analogs were required to inhibit uptake of 

[3H]uridine by 50%.  For hCNT3, high concentrations of TaraC (>2 mM) and araC (>10 mM) 

were required to inhibit uptake of 1 µM [3H]uridine by 50% whereas cytidine, 2'-deoxycytidine 

and gemcitabine exhibited EC50 values of 5, 7 and 25 �M, respectively.  

Experiments (data not shown) to examine uptake of 10 and 100 �M [3H]TaraC directly were 

conducted in yeast producing either hCNT1 or hCNT3 in the absence or presence of a high 

concentration of (10 mM) of cytidine or uridine over 90-min time intervals; hCNT2 was not 

included because it was previously shown to lack the capacity to transport cytosine-containing 

nucleosides (Ritzel et al., 1998).  There was no evidence of mediated transport of [3H]TaraC by 

either hCNT1 or hCNT3.   

Chemosensitivity testing.  The results of the transportability and binding studies indicated 

that TaraC and araC exhibited similar profiles, having weak activities with hENT1 (araC > 

TaraC), marginal activities with hENT2 and negligible activities with hCNT1, hCNT2 and 

hCNT3.  To assess the importance of nucleoside transporters in TaraC and araC cytotoxicity, cell 

proliferation assays were conducted with CEM cells that possessed either functional hENT1, 

hENT2 or hCNT1 or that lacked nucleoside transport capability either pharmacologically by 

treatment with NBMPR or genetically by previous selection for resistance to araC (Ullman et al., 

1988).  Cells were exposed to TaraC and araC for 24 and/or 48-h intervals, proliferation was 

measured using a commercial cytotoxicity assay and the results are summarized in Table 4.   

For CEM cells, which naturally possess hENT1, araC was more toxic than TaraC.  For 

example, the concentrations of araC and TaraC at which proliferation was inhibited by 50% 

(EC50 values) during 48-h exposures were 0.02 and 0.2 µM, respectively. However, when 
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hENT1 activity was blocked by treatment of CEM cells with 1 µM NBMPR, the differences in 

cytotoxicity for both 24 and 48-h exposures were eliminated, indicating that the two drugs were 

pharmacologically equivalent in CEM cells in the absence of transport activity.  AraC 

cytotoxicity was more dependent on transport than TaraC since strong protection by NBMPR 

against araC cytotoxicity was observed at both 24 and 48 h, with 16- and 25-fold increases in 

EC50 values, respectively, whereas weak protection was observed for TaraC only at 24 h, with a 

4.5-fold increase in EC50 value. The minor differences in the EC50 values for TaraC cytotoxicity 

at 48 h in the presence and absence of NBMPR (Table 4) were within experimental error. The 

cytotoxicities of TaraC and araC to CEM cells in the presence of NBMPR suggested that, at 

higher concentrations, both drugs enter cells passively in sufficient quantities to cause cell death.   

Since hENT2 exhibited some capacity for transport of TaraC and araC, cytotoxicity studies 

were undertaken with a stable transfectant that produces hENT2 (CEM-ARAC/hENT2) 

generated from a nucleoside transport defective mutant (CEM-ARAC). Functionality of hENT2 

was established by demonstration of dilazep-sensitive transport of [3H]uridine (data not shown).  

The impact of acquisition of functional hENT2 appeared to be time-dependent; during 24-h 

exposures, there was no apparent effect on cytotoxicity of TaraC and araC, whereas during 48-h 

exposures, increased cytotoxicity was observed for both drugs. These results demonstrated that 

the presence of functional hENT2 modestly enhanced sensitivity of CEM cells to both drugs 

during prolonged exposures. 

Also shown in Table 4 are results for cytotoxicity studies that were conducted with CEM-

ARAC/hCNT1 cells. During 48-h exposures, TaraC and araC exhibited slightly greater 

cytotoxicity against hCNT1-containing cells than against nucleoside-transport deficient cells, 

suggesting that hCNT1 may have some capacity for transport of TaraC and araC, despite the 
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absence of detectable transport of TaraC and araC in isotope flux studies with recombinant 

hCNT1 in Hela cells and oocytes.   

CEM-ARAC, the nucleoside-transport defective mutant used as the host for production of 

transporter-producing stable transfectants, exhibited substantial resistance to both T-araC and 

araC (Table 4) when compared to “wild type” CEM cells in either the absence or presence of 

NBMPR.  This was not unexpected, since CEM-ARAC cells were originally isolated by 

prolonged exposure of CEM cells to 8 µM araC (Ullman et al., 1988) and additional, 

uncharacterized mutations that affect a common step in the metabolism of T-araC and araC 

might be present.   
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DISCUSSION 

TaraC is a novel nucleoside analog of araC that was developed in a search for nucleoside 

analogs with enhanced activity and decreased susceptibility to nucleoside catabolizing enzymes.  

Although the mechanism of action of TaraC is similar to that of araC, these two drugs exhibit 

major differences in metabolism (Parker et al., 2000): the rate of phosphorylation of TaraC is 

much less than that of araC (~1%); inhibition of DNA synthesis by TaraCTP is 10-20 fold 

greater than that by araCTP; TaraCTP has ten-fold longer half life than araCTP; deamination of 

TaraC by cytidine deaminase is only 10% of that of araC; and dCMP deaminase degrades 

araCMP better than TaraCMP.  The cumulative effect of these differences leads to prolonged 

retention of TaraCTP in comparison to that of araCTP.  In addition, the activity of TaraC has 

been shown to be independent of administration schedule in contrast to that of araC, which is 

highly schedule dependent (Waud et al., 2003).  When TaraC and araC were evaluated for 

activity against human solid tumor xenograft models, TaraC exhibited superior antitumor activity 

(Waud et al., 2003).  AraC, which is used clinically against hematologic malignancies, is known 

to require mediated transporters for efficient cellular uptake, (Gati et al., 1997; Jamieson et al., 

1990; Wiley et al., 1985) whereas there is no information on the transportability of TaraC.  

Information on the mechanism(s) by which TaraC gets into cells, in addition to the existing 

information on its enhanced retention and schedule independency of administration in patients, 

would further help in design of clinical trials with TaraC.   

The current study was undertaken to examine the role of human nucleoside transporters 

in the uptake and cytotoxicity of TaraC; araC was included for comparison. Compared to uridine, 

both araC and TaraC were poor permeants for hENT1 in CEM cells.   The initial rates of 

mediated uptake of araC were higher than those of TaraC in both CEM (4.9-fold) and HeLa (1.4-
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fold) cells. At longer time intervals (60 s), the accumulation of TaraC, araC and 2'-deoxycytidine 

in HeLa cells was dependent on both hENT1 and hENT2, based on results of inhibition studies 

with NBMPR and dilazep. In CEM cells, which exhibit only hENT1 activity, accumulation of 10 

µM araC was much greater than that of 10 µM TaraC and this was consistent with the (i) lower 

transportability of TaraC by hENT1 (this study), (ii) lower specificity of CEM-derived 

deoxycytidine kinase for TaraC (Parker et al., 2000; Someya et al., 2003; Someya et al., 2002), 

and (iii) lack of deaminase-related degradation of araC in CEM cells (Gourdeau et al., 2001b; 

Parker et al., 2000). HeLa cells are reported to have both cytidine deaminase (Meyers et al., 

1973) and dCMP deaminase (Gelbard et al., 1969) activities. The presence of cytidine deaminase 

in HeLa cells and its apparent higher activity (~10-fold) for araC than for TaraC (Parker et al., 

2000) may explain why araC did not accumulate in HeLa cells to a greater extent than TaraC as 

was observed in CEM cells.  

The ability of araC to inhibit the uptake of radiolabelled uridine by hCNT1 in transiently-

transfected HeLa cells was demonstrated in an earlier study (Graham et al., 2000) in which high 

araC concentrations (e.g., 0. 5 mM) were required to partially inhibit the uptake of uridine.  This 

result led to the suggestion that the presence of hCNT1 in human cells would probably have no 

impact on cytotoxicity because of its low affinity for araC (Graham et al., 2000). The results of 

the current study were consistent with these findings in that direct uptake of radiolabelled araC 

by hCNT1 was not observed.  In addition, there was no demonstrable uptake of radiolabelled 

TaraC or araC by the broadly specific hCNT3 in either HeLa cells or yeast.  hCNT2 was not 

examined because it does not transport cytosine-containing nucleosides (Ritzel et al., 1998).   

Recent electrophysiological studies (Smith et al., 2004) with recombinant hCNT1 produced in 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 14, 2006 as DOI: 10.1124/mol.105.021543

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL (21543) 

 20

Xenopus oocytes demonstrated that 1 mM araC produced small inward sodium currents, 

indicating that araC is a low-affinity hCNT1 permeant.    

The relative affinities of the human transporter proteins for various deoxycytidine analogs 

were investigated in yeast using an assay that assumed competitive inhibition of uridine transport 

and yielded Ki values for the inhibitory analogs. This assay was used previously to assess 

interactions of uridine analogs with the human nucleoside transporters (Vickers et al., 2004; 

Visser et al., 2002; Zhang et al., 2003).  Studies with recombinant hENT1 and hENT2 (Vickers 

et al., 2002) showed that both transporters exhibited relatively low apparent affinities for cytidine 

and its analogs (hENT1 > hENT2).  In a separate study (Zhang et al., 2003), it was shown that 

hCNT1 and hCNT3 exhibited little tolerance for modification at C(3') or inversion in the 

configuration at C(2') or C(3').  In this study, yeast strains producing hENT1, hENT2, hCNT1, 

hCNT2 or hCNT3 were examined for their ability to transport [3H]uridine in the presence of 

increasing concentrations of non-radiolabelled TaraC, araC, and 2'-deoxycytidine, as well as 

several other cytosine-containing nucleosides (gemcitabine, cytidine, 3'-deoxycytidine, 2',3'-

dideoxycytidine). In comparison to cytidine and 2'-deoxycytidine, araC exhibited much lower 

ability to inhibit hCNT1 and hCNT3-mediated transport, indicating that the presence of the 2'-

hydroxyl group above the plane of the sugar ring hindered binding to the transporters.  

Consistent with previous studies with uridine analogs, the presence of a hydroxyl group at the 3'-

position was important for recognition by all transporters examined since 3'-deoxycytidine and 

2',3'-dideoxycytidine did not inhibit uridine transport. Although the yeast inhibitor assay 

indicated that TaraC was bound more tightly by hCNT1 than by hENT1 (compare EC50 values in 

Table 3), direct measurements of radiolabelled uptake in transiently-transfected HeLa cells 

suggested that TaraC was not a permeant for hCNT1. Further evaluation with higher 
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concentrations of TaraC and araC in electrophysiological studies of hCNT1 produced in Xenopus 

oocytes showed little, if any, transport by hCNT1.  

In summary, TaraC and araC exhibited similar transportability profiles.  At the 

pharmacologically relevant concentration of 10 µM, both drugs were transported, albeit weakly, 

by the hENTs (araC > TaraC) and neither was transported by the hCNTs.  Efforts to quantitate 

diffusional uptake of TaraC and araC by CEM cells that were transport defective either 

pharmacologically or mutationally were unsuccessful, evidently because the rates of diffusion 

were below the limits of experimental detection.  The cytotoxicity studies provided evidence that 

transportability was a determinant of pharmacologic activity of both drugs (araC > TaraC). First, 

treatment of CEM cells with NBMPR strongly protected against araC and weakly protected 

against TaraC cytoxicity.  Second, since TaraC and araC were equivalent pharmacologically in 

NBMPR-treated CEM cells (IC50 values of 0.9 versus 0.8 µM at 24 h and 0.5 versus 0.4 µM at 

48 h), the explanation for the greater cytotoxicity of araC than TaraC in the absence of NBMPR 

was the greater influx of araC via hENT1.  Third, the introduction of hENT2 (and possibly also 

hCNT1) into CEM/ARAC by gene transfer sensitized cells to both drugs.   

It was shown earlier that TaraC was markedly more cytotoxic than araC when high 

concentrations of the compounds were given for short periods of time (Someya et al., 2005), 

presumably because of the longer intra-cellular half-life of TaraCTP than araCTP.  Once TaraC 

enters cells by mediated transport, its metabolites are trapped inside, resulting in prolonged 

cytotoxic action; in contrast, araC cytotoxicity requires continued influx of araC because of its 

susceptibility to degradation.  These results support the use of TaraC over araC since at clinically 

achievable drug concentrations its accumulation in tumors is sustained (Parker et al., 2000)  and 

independent of the drug administration schedule (Waud et al., 2003).   In addition, recent studies 
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(Thottassery et al., 2006) have shown that TaraC, but not araC, is a potent inducer of apoptosis 

by stabilization of p73 in both p53-positive and p53-negative cells, providing evidence favouring 

use of TaraC in treatment of tumors.  

In conclusion, isotope flux studies demonstrated that cellular uptake of TaraC was mediated, 

albeit poorly, by hENT1 and hENT2, thereby resulting in sufficient cellular retention of TaraC 

metabolites to achieve pharmacologic activity. Longer intracellular retention of TaraC 

metabolites may have been an important contributor to manifestation of cytotoxicity during 

prolonged exposures.  Although TaraC exhibited lower transportability than araC, once inside 

cells, its characteristics (greater inhibition of DNA synthesis, longer half life, and decreased 

susceptibility to degradation) may give rise to therapeutic advantages over araC in therapy of 

tumors. 
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Figure legends: 

Figure l 

Figure 1.  Effects of the hENT1 inhibitor, NBMPR, on accumulation of TaraC (A), araC (B) and 

2'-deoxycytidine (C) in CEM cells.  CEM cells were exposed to 10, 30 or 50 µM [3H]TaraC, 

[3H]araC or [3H]2'-deoxycytidine for 4 h in the absence (open bars) or presence (filled bars) of 

100 nM NBMPR.  Each data point represents the mean (± S.E.M) of two experiments (three 

replicates/experiment).  

Figure 2.  Effects of transport inhibitors on the uptake of 10 µM [3H]TaraC, [3H]araC and 

[3H]2'-deoxycytidine in HeLa cells.  Cells were exposed to 10 µM [3H]nucleoside alone (■), or 

in the presence of 100 nM NBMPR (▲) or 100 µM dilazep (▼).  Each value represents the 

mean (± S.D.) of three determinations.  

Figure 3.  Inhibition of uridine uptake by cytosine-containing nucleosides in S. cerevisiae 

transformed with plasmids pYPhENT1, pYPhCNT1 or pYPhCNT3.  Yeast cells were exposed to 

graded concentrations (0.01 µM-10 mM) of cytidine, 2'-deoxycytidine, gemcitabine, araC, 

TaraC, 3'- deoxycytidine or 2', 3'-dideoxycytidine to examine the ability of each analog to inhibit 

the uptake of 1 µM [3H]uridine.  The data represents the mean (± S.E.M.) of three separate 

experiments for each analog.  Each data point within an individual experiment represents the 

mean of 3-4 replicates/concentration. ■, TaraC; ▲, araC; ▼, gemcitabine; �, cytidine; �, 2'-

deoxycytidine; �, 3'-deoxycytidine; �, 2', 3'-dideoxycytidine.  
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Table 1.  Initial uptake rates of 10 µM [3H]uridine, [3H]TaraC or [3H]araC by CEM and CEM-

ARAC cells.  Uptake rates (± S.E.M) are expressed as pmol/µl cell water/s and were calculated 

from the slopes of linear regression lines using GraphPad Prism 3.02 (GraphPad Software, San 

Diego, CA).  Each data point represents the mean of three experiments with 3 replicates per 

experiment). 

 

Cell line Time period [3H]Uridine  [3H]TaraC  [3H]AraC 

 

CEM  0-10 s  0.317 ± 0.048   0  0.048 ± 0.020 

CEM  0-60 s  NA   0.007 ± 0.003  0.034 ± 0.003 

CEM-ARAC 0-60 s  0.007 ± 0.003  0.012 ± 0.004  0.013 ± 0.004 

 

*NA, not applicable (uptake time course was not linear during 0-60 s uptake interval). 
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Table 2.  Effects of transport inhibitors on the initial uptake rates of nucleosides in HeLa cells.  HeLa cells were exposed to 10 µM 

concentrations of [3H]TaraC, [3H]araC or [3H]2'-deoxycytidine in the absence and presence of 100 nM NBMPR or 100 µM dilazep.  

Initial uptake rates from two or more experiments each conducted with three replicates (± S.E.) (2-10 s) were expressed as pmol/106 

cells/s. 

 

   Treatment             2'-deoxycytidine        araC       TaraC 

    Initial rate   % inhibition  Initial rate % inhibition  Initial rate % inhibition 

10 µM 3H-nucleoside  0.51 ± 0.11  -  0.42 ± 0.03  -  0.30 ± 0.00  - 

+ NBMPR   0.20 ± 0.02  61  0.14 ± 0.05  65  0.08 ± 0.02  74 

+ Dilazep     0            100  0.01 ± 0.00             98    0             100 
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Table 3.  Effects of various cytidine analogs on the uptake of uridine in S. cerevisiae producing pYPhENT1, pYPhENT2, pYPhCNT1, 

pYPhCNT2 or pYPhCNT3.   Presented are EC50 values, which represent the effective concentrations at which the uptake of 1 µM 

[3H]uridine was inhibited by 50% over a 20-min time period as determined by computer-generated concentration-effect curves (see 

Fig. 4).  The corresponding Ki values are given in parenthesis, where Ki = EC50/1+([S]/Km))(Cheng and Prusoff 1973); in these 

calculations, [S] = 1.0 µM and Km (Uridine/hENT1) = 44.2 µM; Km (Uridine/hENT2) = 195 µM; Km (Uridine/hCNT1) = 55.4 µM; Km 

(Uridine/hCNT2) = 29.1 µM and Km (Uridine/hCNT3) = 8.7 µM. 

 

Compound       hENT1    hENT2   hCNT1   hCNT2   hCNT3 

       EC50 (Ki)    EC50 (Ki)   EC50 (Ki)   EC50 (Ki)   EC50 (Ki)   
       µM        µM       µM        µM        µM 

 
 

Cytidine      171 (167)    650 (647)    17 (16.4)  1445 (1397)       5 (4) 

2′-Deoxycytidine     288 (282)  1035 (1030)      9 (8.6)  1714 (1657)       7 (6.3) 

Gemcitabine      362 (354)    784 (780)    13.4 (13)  1365 (1320)     25 (22.3) 

AraC       788 (771)    760 (756)  >2000*  >10000*   >10000* 

TaraC     >1000*             >3000*      459 (451)  >3000*   >2000* 

3′-Deoxycytidine   >2000*             >10000*  >2000*  >20000*   >10000* 

2′, 3′-Dideoxycytidine   >10000*             >20000*  >5000*  >20000*   >10000*  

*Ki values were not calculated due to high EC50 values. 
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Table 4. Chemosensitivities of CEM, CEM-ARAC/hENT2, CEM-ARAC/hCNT1, and CEM-
ARAC cells to AraC and TaraC  

 

Actively proliferating CEM cell lines were exposed to graded concentrations of araC or TaraC in 96-

well plates for 24 and 48 h as described in Materials and Methods.  In protection experiments, CEM 

cells were treated with 1 µM NBMPR one hour prior to addition of araC or TaraC.  An EC50 value of 

0.22 ± 0.01µM was obtained for TaraC in presence of NBMPR at 48 h in an independent experiment.  

EC50 values were obtained from the MTS-cytotoxicity relationships and are means (± S.E.)  of at least 

two or more experiments, each conducted with six replicates. 

 
 
Cell line   araC (EC50 µM)   TaraC (EC50 µM) 
    24 h  48 h   24 h  48 h  
 
 
CEM    0.05 ± 0.01 0.02 ± 0.01  0.2 ± 0.03 0.2 ± 0.03 
 
+ NBMPR   0.8 ± 0.1 0.5 ± 0.2  0.9 ± 0.2 0.4 ± 0.1 

CEM-ARAC/hENT2  >10  1.3 ± 0.3   40 ± 35 1.6 ± 0.4 

CEM-ARAC/hCNT1  ND*  21 ± 4   ND  5 ± 1 

CEM-ARAC   >10  68 ± 27   >100  10 ± 2 

  
*ND, not determined. 
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